Background and Aims The impact of evolutionary forces on insular systems is particularly exacerbated by the remoteness of islands, strong founder effects, small population size and the influence of biotic and abiotic factors. Patterns of molecular diversity were analysed in an island system with Santalum insulare, a sandalwood species endemic to eastern Polynesia. The aims were to evaluate clonality and to study the genetic diversity and structure of this species, in order to understand the evolutionary process and to define a conservation strategy.
INTRODUCTION
Oceanic islands have long been considered as remarkable ecosystems, in particular since Darwin's theory of evolution led biologists to recognize them as 'evolutionary laboratories' (Darwin, 1859) . Islands have several features that make them attractive for evolution studies: discrete entities; small areas but varied habitats; isolation from the mainland and other islands within archipelagos; and they are often geologically dynamic (Emerson, 2002) . These factors characterize the insularity and are typically associated with a foundation bottleneck and small population sizes. The small population-size phenomenon particularly favours inbreeding depression and genetic drift which result in less genetic diversity and reproductive fitness, increasing the probability of extinction (Frankham, 1998; Frankham et al., 2002) . The remoteness of insular systems and oceanic barriers also result in substantial differentiation between island populations potentially leading to speciation (Barton, 1989) and/or to endemism (Emerson, 2002) . Often considered as 'hot-spots of biodiversity' (Myers, 2000) , island ecosystems are vulnerable because of insularity combined with the negative impact of human activities, such as overexploitation, habitat fragmentation, pollution and induction of biological invasions. The latter could generate marked disequilibrium because of the lack of predators, parasites and diseases in island environments (Blondel, 1995) . Invading species often have direct negative impacts on insular endemic species, but they can also create competition, alter the structure of trophic levels, modify disturbance regimes, and exacerbate the effects of fragmentation, finally disrupting whole ecosystem processes and structure (Vitousek et al., 1997; Mack and D'Antonio, 1998; Parker et al., 1999) .
Although island ecosystems raise numerous scientific issues, there are a limited number of studies addressing the impact of evolutionary forces on within-species genetic diversity, especially for forest tree species which represent a significant component of tropical island ecosystems. Sandalwood species distributed on small islands of the Pacific constitute an excellent model for studying pattern of diversity in insular systems structured into archipelagos. This paper presents a genetic analysis of Santalum insulare, which is distributed on most of the archipelagos of Eastern Polynesia in the South Pacific and which is today considered as endangered (IUCN, 2004) .
Santalum insulare is a root-hemiparasitic, medium-sized tree (15 m tall, 30 cm diameter at a height of 1Á3 m) growing in a wide variety of habitats from 0 to 2200 m a.s.l., on very diverse host species characterizing each habitat (Butaud, 2004) . Hermaphroditic flowers are pollinated by insects (wasps and bees), cross-pollination being the rule, but some self-pollination has been reported on isolated trees , classifying S. insulare as an 'often crosspollinated species' (Kulkarni and Muniyamma, 1998) . Fruits are red drupes which are normally swallowed and then disseminated by birds.
Populations of S. insulare have been strongly affected by human colonization of the small islands and their future is now threatened. During the past two centuries, the overexploitation of Polynesian sandalwood by Europeans (initially for the Chinese incense market and later for the market of essential oil extracted from its fragrant heartwood; Butaud, 2004) dramatically reduced and fragmented the populations. This decline was also heightened by the invasion of alien species that arrived with humans: rats feeding on seeds; fruit and flower abortion due to insects; goats and other herbivora eating young shoots or seedlings; and plants modifying the understorey and choking mother trees (Butaud and Tetuanui, 2005) . Moreover, because of human hunting activities and predation by rats, frugivorous bird populations have declined and seed dispersal is now very limited. Santalum insulare has persisted in Polynesian archipelagos thanks to its ability to resprout from root suckers or stumps of poached trees. Thus, it is expected to develop marked clonality, as observed in some threatened populations of S. lanceolatum (Warburton et al., 2000) . As illustrated by the presence on the IUCN red list of six of the nine varieties of S. insulare (IUCN, 2004) , there is now an urgent need to implement a strategy of conservation for this species.
The first study of S. insulare by pointed to a strong genetic structure of the species using plastid markers. The present study used nuclear microsatellites specifically developed for S. insulare in order to complement the previous ones. Using these new molecular markers the objectives of this study were (a) to assess the level of clonality within the populations, (b) to analyse the distribution of microsatellite diversity within the natural range, and (c) to define management units based on the molecular data according to the Moritz approach (Moritz, 1994) . The ultimate aim was to propose adapted and feasible strategies for conservation of S. insulare, which is a significant natural resource on the small, isolated islands of French Polynesia.
MATERIALS AND METHODS

Sampling
Santalum insulare Bertero ex A.DC. (Santalaceae) is endemic to Eastern Polynesia and is divided into nine botanical varieties found on the Cook Islands (Mitiaro Island), French Polynesia (ten islands) (Table 1 ) and the Pitcairn Islands (Henderson Island) (Fosberg and Sachet, 1985) . These botanical varieties are based on a limited number of morphological traits and are contested today. Some of them are now considered as 'ecotypes' by Polynesian botanists (J. Florence, IRD, France, pers. comm.) because they are found in specific environments. In French Polynesia, S. insulare is present on the Marquesas, Society and Austral archipelagos, but is absent from the low-lying islands of the Tuamotu-Gambier archipelago (Fig. 1) . The leaves were collected from 384 individuals on the ten islands of French Polynesia where S. insulare is found (Table 1 and Fig. 1 ). On each island, the number of sampling sites varied. Populations were generally small and scattered, except for Nuku Hiva, which has numerous individual trees in a large area. Sampling was very unbalanced, the number of individuals per island varying from three in Fatu Hiva to 77 in Tahiti (Table 1 ). This imbalance results from different factors, including the original size of the sandalwood population on each island, the impact of 19th century exploitation, the contemporary degradation by fire and overgrazing, and the difficulty of exploring these rugged and remote islands. Where the size of the population was sufficient, trees separated by >10 m were selected to avoid selection of the same clone (assuming that resprouting by root suckers can create patches of the same clone). However, to analyse the clonality in some populations, an exhaustive sampling was conducted. Three leaves were collected from each tree and immediately dried using silica gel.
DNA extraction and microsatellite analysis
Total DNA was extracted from 100 mg of dried leaf material using a MATAB method derived from Bousquet et al. (1990) , with one additional chloroform-isoamyl alcohol (24 : 1) extraction. The eight nuclear microsatellites used for genetic analyses were specifically designed for Santalum insulare and their characteristics are described in Lhuillier et al. (2006) : mSiCIR33, mSiCIR39, mSiCIR42, mSiCIR44, mSiCIR139, mSiCIR148, mSiCIR153 and mSiCIR185.
Data analysis
Detection of clones and clonality evaluation. Asexual reproduction leads to a clonal structure, in which one clone (genet) may consist of several trees (ramets). Individuals with the same multilocus genotype can be members of the same clone or else arise by chance from independent instances of sexual reproduction. The approach developed by Parks and Werth (1993) and the program MLGsim by Stenberg et al. (2003) were used to calculate the probability of the latter. This program first calculates a P sex -value for genotypes that are found more than once, i.e. the probability that these genotypes occur the observed number of times in a sexual population with the observed allele frequencies, and assuming Hardy-Weinberg and linkage equilibria. In a second step, the program uses Monte Carlo simulation (here with at least 10 000 simulations) to obtain the critical values of P sex for the desired significance level (here 0Á05), allowing the genotypes that are significantly overrepresented and thus probably members of the same clone to be identified (Stenberg et al., 2003) . If the P sex -value is smaller than the critical P sex -value, then the hypothesis that the multilocus genotype results from panmictic sexual reproduction is rejected at the 0Á05 level. The genotype is then considered as a clone. Once all clones had been identified, parameters of clonal diversity were calculated per sampling site: G/N = the proportion of distinguishable genotypes, where N is the number of sampled trees and G the number of distinct multilocus genotypes D = the genotypic diversity (also called the complement of Simpson index, derived from Pielou, 1969) 
, where n i is the number of samples with multilocus genotype i (Kennington and James, 1997) .
Taking into account both the significance of P sex -values and the information supplied by the field observations (geographic position, observation of root suckering system between two trees), an estimate of the number of genets (N Ge ) was given. Finally, the resolving power of the set of nuclear microsatellites was assessed by examining the relationship between G/N and the number of combined loci according to the method developed by Arnaud-Haond et al. (2005) .
Definition of populations within each island. To define populations within islands, the approach taken consisted of the detection and location of genetic discontinuities between populations. It was based on Bayesian theory, which tends to be much used in plant conservation biology (Marin et al., 2003) . A Bayesian model implemented in a Markov Chain Monte Carlo scheme which infers the location of genetic discontinuities from individual georeferenced multilocus genotypes, without a priori knowledge of population units and limits was used (Guillot et al., 2005a) . The main assumptions of the method are (a) the number of populations is unknown and all values are considered a priori to be equal, (b) populations are spread over areas given by the union of some polygons of unknown location in the spatial domain, (c) HardyWeinberg equilibrium is assumed within each population, and (d) allele frequencies in each population are unknown and treated as random variables following the so-called Dirichlet model.
The computer package GENELAND was used to infer the number of populations and the spatial locations of genetic discontinuities between those populations (Guillot et al., 2005b) . Using the Dirichlet model, the first run with 100 000 iterations was made to define the mode of posterior distribution of the number of populations. Using this mode as a fixed value the model was rerun for between 100 000 to 500 000 iterations (depending on the quality of the results) to assess the posterior probability of any pixel of the domain belonging to each population.
To measure the impact of small population sizes on the quality of the assignment, simulated populations comprising 10 or 30 individuals, and structured in three subpopulations characterized by a differentiation parameter F ST = 0 and F ST = 0Á1, were created with GENELAND. This experimental design is representative of the populations in the present study. The correct assignment of the individuals in the three subpopulations was then tested with 100 replications, using the same Dirichlet model.
Estimation of genetic diversity and departure from random mating. One individual tree per clone was used for genetic analysis. Allele frequencies, mean number of alleles per locus (n A ), observed heterozygosity (H O ) and expected heterozygosity (H E ) (Nei, 1978) per island and archipelago were computed with GENETIX 4.03 (Belkhir et al., 2001) .
To check if the differences in sample sizes and the various spatial scales over which individuals were pooled into populations affected the diversity estimates, the allelic richness per population and island (containing at least eight genets) was calculated This index takes into account the dependence on sample size with an adaptation of the rarefaction index of Hurlbert (1971) (El Mousadik and Petit, 1996) , named 'R', using FSTAT version 2.9.3.2 (Goudet, 1995) . The principle is to estimate the expected number of alleles in a subsample of 2n genes, given that 2N genes have been sampled (N > n). In FSTAT, n is fixed as the smallest number of individuals typed for a locus in a sample. A test using the Pearson coefficient was conducted to find a correlation between the diversity parameters and the island size. An estimation by Weir and Cockerham (1984) of the fixation index F IS , assessing the departure from Hardy-Weinberg equilibrium, was calculated using GENETIX 4.03 and was tested using 5000 permutations.
Analyses of population differentiation. To investigate the genetic structure, several analyses of molecular variance (AMOVA) were run (Excoffier et al., 1992) using ARLEQUIN (Schneider et al., 2000) with 1000 permutations. The structure was tested by archipelagos and islands within the species distribution area, the structure due to islands within each archipelago, and the structure by populations within islands when some have been detected by GENELAND. The extent of genetic differentiation was estimated from the theta estimator of F ST (Weir and Cockerham, 1984) . The pairwise F ST were also calculated among the populations and the P-values were corrected using the sequential Bonferroni procedure (Rice, 1989) .
To relate the dispersal ability of Santalum insulare to its geographical distribution, a Mantel test (Mantel, 1967) was conducted in GENETIX 4Á03. The procedure assesses the significance of the correlation between pairwise F ST /(1 À F ST ) estimates and the logarithm of the Euclidian distance (in kilometres) between pairs of islands (Rousset, 1997) , with the Spearman rank coefficient as the statistical test, using 1000 random permutations of the matrix. Isolation by distance was also sought within the Marquesas and Society archipelagos.
Pairwise genetic distances between islands were computed using Cavalli-Sforza's chord measure (CavalliSforza and Edwards, 1967) , obtained from the GENDIST program (PHYLIP version 3Á6; Felsenstein, 1993) . This distance matrix was used to construct a neighbour-joining tree (Saitou and Nei, 1987) using the NEIGHBOR program of PHYLIP. The robustness of each node was evaluated by bootstrapping data over loci for 1000 replications using the SEQBOOT program of PHYLIP. The consensus tree obtained by the CONSENSE program of PHYLIP was displayed with TREEVIEW software (Page, 1996) .
Detection of bottlenecks. To detect the occurrence of a recent bottleneck event, the heterozygosity excess method described by Cornuet and Luikart (1996) and implemented in the BOTTLENECK software was employed (Piry et al., 1999) . The proposed tests are based upon the fact that populations that have experienced a recent reduction in effective size should exhibit a more rapid reduction of allelic diversity than heterozygosity at polymorphic loci. Hence, in a recently bottlenecked population, gene diversity is higher than the equilibrium heterozygosity estimated from the observed allele numbers assuming mutation drift equilibrium (Luikart and Cornuet, 1998) . Three tests are available in BOTTLENECK: the standardized differences test requires at least 20 loci, so only the sign test and Wilcoxon's signed-rank test were run.
As recommended by Piry et al. (1999) , in the case of microsatellite markers, the model used was a two-phase mutation model with 95 % stepwise mutation model and 5 % multistep mutations.
RESULTS
The extent of clonality
The total sample of 384 trees exhibited only 156 distinct multilocus genotypes which are not shared by different islands. Among the 156 genotypes, 61 were in multiple copies. Among the 61 genotypes, 52 presented a P sex -value smaller than 0Á05, suggesting that it is very unlikely that these genotypes were identical by chance. However, crosschecks with field observations indicated that some of these clones could be made up of several genets identical at the loci examined. This was the case when trees were found on motu (little coral islands of Raivavae) >2 km distant, or when trees were several hundred metres distant and separated by vegetation or geographic barriers. Even if the hypothesis of long distance (several kilometres) propagation by root suckering cannot be excluded, it seems very unlikely because several centuries are needed, plus a decrease in sea level in the case of motu populations. In addition, no biological mechanism, such as long-distance vegetative propagule dissemination, is known in S. insulare to explain how these physical barriers could have been crossed. Concerning the nine supposed clones which had a P sex -value higher than 0Á05, they were made up of only two elements. Once they were compared with field observations, they appeared as part of a unique clump comprising dozens of ramets, whose connections to the stump are observable. It seems that the sampling of only two trees did not allow the detection of clones for particular multilocus genotypes. Thus, only one genet was counted for each of these genotypes. As a result, 162 genets were considered for the diversity analysis.
Eighty-one per cent of the populations tested were concerned by clonality and 42 % presented one unique multilocus genotype. The clonal diversity parameters are given in Table 2 for sites where sampling was appropriate for the evaluation of clonality (exhaustive or random sampling). It appeared that clonality did not affect equally the different populations of sandalwood. The mean proportion of distinct genotypes (G/N) ranged from 0Á06 in Maauu (Nuku Hiva) to 1Á00 in Taiohae Vaioa (Nuku Hiva). The mean genotype diversity (D) was nil in several populations on different islands and peaked in Taiohae Vaioa. Low G/N values are generally correlated with low D values, which tends to show that marked clonality reduces diversity within populations. However, some populations, as Rotui or Pic Vert, exhibited high D values and quite low G/N values. The clonality did not affect all the small stands in the sandalwood populations. Taiohae Vaioa, for example, did not seem to have clones. The mean values of G/N and D were calculated by averaging the values estimated in Table 2 . Values of the estimated number of genets (N Ge ) used to define populations and to compute diversity parameters are given in Tables 3 and 4 .
Detection of populations within islands
The spatial statistical model used to define genetic discontinuities was applied to islands with more than five genets. The number of populations given by the model varied between 1 and 3 (Table 3) .
Nuku Hiva and Tahiti exhibited a marked difference in the posterior probability for assigned and non-assigned individuals, showing that two populations could be detected in each island. In Nuku Hiva one population is present on the west coast at low altitude (lowland population) and the other is located on the mountain zone and on the high plateaus of the island (highland population). In Tahiti the lowland population is distributed on the periphery of the island at a medium altitude. The other one is situated on the highest summits and is identified as the highland population.
For the other islands the differences in posterior probabilities for assigned and non-assigned individuals were very low and suggested that each island was composed of a single population. The correct assignment of the individuals in the three subpopulations tested with 100 replications, using the same Dirichlet model, showed that, on average, 92 % (65 %) of the 30 individuals were correctly assigned, versus 77 % (63 %) of the ten individuals for F ST = 0 and F ST = 0Á1, respectively. Thus, the assignments of individuals in small population such as Hiva Oa or in Tahuata should be considered with caution.
Genetic diversity analysis
The eight microsatellite loci were polymorphic and the number of alleles per locus ranged from three for mSiCIR139 to 15 for mSiCIR148 (Lhuillier et al., 2006) . Considering each locus in each population separately, the distribution of allele frequencies was highly unbalanced (results not shown). Twenty-two alleles were private, the largest number being 12 in Tahiti. Only two alleles were shared by all the islands. In Table 4 , it was decided to give also diversity parameters for small populations (but containing at least eight genets) despite the lack of accuracy of the estimates (see standard errors).
The Austral archipelago showed the lowest diversity (R = 3Á23), whereas the Marquesas and Society archipelagos exhibited more diversity and were quite equivalent (R = 5Á72 and 5Á69, respectively). The other diversity parameters, more affected by sample size, followed the same pattern.
The rarefaction index ranged from 2Á04 in Raivavae to 3Á35 in Nuku Hiva. Observed and expected (in parentheses) heterozygosity values ranged from 0Á29 (0Á28) in Raivavae to 0Á48 (0Á44) in Hiva Oa, and the differences between islands were lower than the standard error. The correlations between diversity parameters and island areas were not significant at the 5 % level, except for n A with a Pearson coefficient of correlation r = 0Á838 (P < 0Á05).
In Nuku Hiva, the R diversity index tended to be slightly greater in highlands than in lowlands, whereas in Tahiti the R-values were close. The other diversity parameters did not follow the same trend which can be explained by the sample size effect.
Concerning Hardy-Weinberg equilibrium, no significant heterozygote deficit was detected when considering the elementary populations, except for the highland population of Tahiti (F IS = 0Á11). The F IS value was also significantly positive in Tahiti island. P-values: ns, not significant; *, P < 0Á05 (P-values were adjusted using the Bonferroni correction).
T A B L E 3. Detection of populations within each island using the Bayesian model (Guillot et al., 2005a) Posterior probabilities of individuals assigned to the populations. N Ge , number of genets in the island populations; Nb Pop, mode of the number of populations given by the posterior distribution of the Bayesian approach; N 1 , N 2 , N 3 , number of individuals in populations 1, 2 and 3, respectively; Prob A (Pop 1), range of variation of the posterior probability of individuals assigned to population 1 (idem for populations 2 and 3); Prob NA (Pop 1), range of variation of the posterior probability of individuals not assigned to population 1 (idem for populations 2 and 3).
The detection of a recent bottleneck was applied to the population of the islands of Nuku Hiva, Moorea, Tahiti and Raivavae because their population size was higher than 15 which is suitable for running the test. For none of the populations did the Wilcoxon's signed-rank test indicate departure from mutation drift-equilibrium, and recent bottlenecks were not detected. The probability associated with heterozygosity excess was markedly higher than 0Á05.
Analysis of population differentiation
All F ST values estimated by AMOVA were significant. Twenty-seven per cent of the variation in the species distribution area was explained by the variation among archipelagos and 50 % by the variation among islands (Table 5) . Global F ST among islands within archipelagos was 0Á24 in the Marquesas, 0Á34 in Society and 0Á66 between Raivavae and Rapa in the Austral archipelago. The AMOVA for Nuku Hiva and Tahiti revealed a significant differentiation between lowlands and highlands. F ST was higher in Nuku Hiva (0Á22) than in Tahiti (0Á02).
Among archipelagos, pairwise F ST values were highly significant (P < 0Á001) and were 0Á30 between Marquesas and Society, 0Á41 between Marquesas and Austral, and 0Á49 between Society and Austral. Among all the populations, all but two of the pairwise F ST values ranged from 0Á19 (between Fatu Hiva and Raiatea) to 0Á66 (between Raivavae and Rapa). However, not all of them were significant (after Bonferroni correction), particularly when they were calculated for islands with population sizes that were small (Fatu Hiva, Raiatea, Rapa). Only two pairs of islands exhibited low and nonsignificant F ST values: Tahuata/Hiva Oa (0Á07) and Moorea/Raiatea (0Á07).
The neighbour-joining tree (Fig. 2) did not clearly separate the three archipelagos. The tree topology is quite consistent with the geographic position of the samples but the bootstrap values were lower than 50 %, except for Society versus all others (bootstrap value of 80 %). The respective highland and lowland populations of Tahiti and Nuku Hiva were found on the same branch with bootstrap values higher than 50 %. Tahuata and Hiva Oa, as well as Moorea and Raiatea, were gathered, as expected, by the low and non-significant F ST .
The Mantel test revealed a significant correlation between geographical and genetic distances considering all the islands (r = 0Á58; P = 0Á01), but the relationship was not explained by a simple linear model (Fig. 3A) . Below 500 km, which is the maximum distance between two islands within an archipelago, except in the Austral, the F ST values tended to be lower. Above 500 km, the highest values were reached, although low values were found as well. Within the Society archipelago, no isolation by distance was detected (r = 0Á18; P > 0Á05), whereas the Mantel test revealed a significant correlation (r = 0Á48; P < 0Á01) in the Marquesas archipelago. This trend is illustrated in Fig. 3B . The F ST represents the differentiation among the islands or the populations within the total population of the tested structure. Tahiti and Nuku Hiva are composed of two populations, lowland and highland.
P-values: ns, not significant; *, P < 0Á05; **, P < 0Á01; ***, P < 0Á001. 
DISCUSSION
Clonality, anthropogenic pressures and adaptation strategies
The suspected clonality from root suckering observed during the sampling was confirmed by the results and was more marked than expected. Fifty-eight per cent of sampled trees proved to be ramets with multilocus genotypes identical to those of other trees. Without DNA techniques, the simple observation of root systems gives a very inaccurate estimate of the relationships between individual trees, as some underground links between trees disappear with time. This highlights the effectiveness of this molecular technique in assessing the genetic constitution and spatial distribution of potentially clonal populations. In addition, the combination procedure (Arnaud-Haond et al., 2005) showed that the eight loci studied have sufficient resolving power in the populations (results not shown). Nevertheless, a larger set of microsatellites would be helpful to validate the distinction of genets with the same multilocus genotype but separated by a very long distance.
In terms of diversity parameters, the inclusion of the ramets in preliminary analyses had biased the estimates: particularly strong negative values of F IS resulting from an excess of heterozygotes due to the clonal effect were found (results not shown).
The mean estimates of the proportion of distinguishable genotypes (G/N = 0Á35) and genotypic diversity (D = 0Á43) for the 20 assessed populations of Santalum insulare revealed a high degree of clonality, as indicated by the comparison with former studies. For example, Smith et al. (2003) found higher values (G/N = 0Á53; D = 0Á72) for threatened populations of Eucalyptus curtisii using microsatellites. Kennington and James (1997) found lower values for populations of the endangered species E. argutifolia (G/N = 0Á20; D = 0Á41), but they used allozymes which have lower resolution than microsatellites in detecting distinct genotypes. Nevertheless, comparisons between populations should be considered with caution because D and G/N parameters are correlated with the sampled site area S. In the present study, a significant correlation was found between D and S (r = 0Á48; P < 0Á05), and between G/N and S (r = 0Á49; P < 0Á05).
Santalum insulare clonality peaked in some populations: Maauu (Nuku Hiva), Tiapa (Tahiti) and some populations in Hiva Oa, Tahuata, Raiatea and Rapa. They are composed of a single genet (D = 0) and spread only by clonal growth. Warburton et al. (2000) found the same extreme situation in threatened populations of another species of the Santalum genus, S. lanceolatum.
The extensive clonality in this species may be explained by two phenomena. The first is the overexploitation which induced root suckering by cutting the original tree. This hypothesis is supported by the correlation between the marked clonality and the overexploitation history of Polynesian islands. Marquesas sandalwood is known to have been particularly exploited, and populations of Maauu, Vaiteheii (Nuku Hiva) and Hiva Oa and Tahuata islands now appear as a single clump or a few clumps of trees. Populations in Raiatea, Rapa and Tiapa exhibited the same pattern of clonality (low G/N value and nil D value). All these populations share the fact that they were easily reached by humans because of their coastal proximity, whereas 'highland' populations like Tops of Terre Déserte or Crests of Toovii (Nuku Hiva) were located on remote and often abrupt ridges and slopes. A higher propensity to clone in populations threatened by human activities has also been reported in other potentially clonal tree species (Kennington and James, 1997; Warburton et al., 2000; Smith et al., 2003) .
The second explanation for marked clonality concerns the strategy of the species in responding to harsh environmental conditions and stresses. In remote highland populations or on dry rocky inaccessible slopes, clonality was also present despite a low or nonexistent human impact (see, for example, populations of Rotui in Moorea or Pic Vert and Summit of Pic Vert in Tahiti). At these sites, the relative importance of clonal versus sexual recruitment may be strongly influenced by environmental factors: on steep and windswept ridges with skeletal soils, where rock falls and landslides are frequent, seed germination is unlikely, but wounded sandalwood roots can generate ramets by shoot production. In terms of clonal diversity, these populations are characterized by higher D values (>0Á7) with G/N values that can sometimes be low (<0Á4).
Whatever the reason, root suckering was likely to be a good means of survival for remnant populations in the absence of regeneration by seeds, most of them being eaten by rats in French Polynesia. As a result of the rat predation, genotypic diversity was not recovered by sexual reproduction, and populations were mainly composed of genets which survived the overexploitation.
Genetic diversity
The global genetic diversity of Santalum insulare given by the expected heterozygosity calculated over the entire distribution area, H E = 0Á69, is quite high. But, as a result of the insular distribution of the species, a regional structure of the genetic diversity was found and the level of variability was not equivalent from one archipelago or island to another. For islands, the expected heterozygosity ranged from 0Á28 to 0Á49 (mean = 0Á41) and the mean number of alleles per locus (n A ) ranged from 1Á50 to 5.
The previous study on Santalum insulare using plastid microsatellites concluded that the genetic diversity of this species was quite high and equivalent to that of other tree species, even though unidentified clones were kept in the analysis. However, the present study tends to moderate these results and shows very low diversity parameters compared with other equivalent studies on tropical tree species that conform to the predictions of Hamrick et al. (1992) . For example, although fewer microsatellite loci were used in these studies, the present values are lower than those of Melaleuca alternifolia (n A = 9-19Á4; H E = 0Á50-0Á76) (Rosetto et al., 1999) or Symphonia globulifera (n A = 3Á7-16; H E = 0Á67-0Á85) (Aldrich et al., 1998) , two mainland species. They also tended to be lower than those of a threatened mainland species Grevillea macleayana (n A = 3Á2-4Á2; H E = 0Á42-0Á53) (England et al., 2002) , evaluated with six microsatellites. Finally, Santalum insulare showed lower diversity than Santalum austrocaledonicum (n A = 2-16; H E = 0Á14-0Á79, mean = 0Á49), an insular species endemic to New Caledonia which has also been threatened by human activities (Bottin et al., 2005) .
Three factors may explain the low level of diversity in Santalum insulare. First, the considerable remoteness of the Polynesian islands could result in a very marked founder effect. The probability of colonization of a species decreases with increasing distance between the source population and the new area (Blondel, 1995) . The resulting small populations led to an increase in the rate of allele loss through genetic drift, resulting in a lower diversity than in the mainland populations. Second, it has to be considered that the more recent overexploitation by Europeans in the 19th century has virtually led to the total depletion of sandalwood resources (Cherrier, 1993) , resulting in a second bottleneck. However, the present analyses did not detect recent bottlenecks. This result can be explained in two ways: (1) only eight loci were used, whereas Piry et al. (1999) reported that ten polymorphic loci with a sampling of 30 individuals are recommended to achieve a reasonably high statistical power (>0Á80) to detect bottlenecks; (2) the populations are too recently bottlenecked and the quasi absence of generations after overexploitation could prevent the model from giving a significant test (Cornuet and Luikart, 1996) . Low population turn-over can be explained by the third factor which is the predation of sandalwood seeds by the ship rat (Rattus rattus), introduced by Europeans. The impact of rats prevents natural regeneration by sexual reproduction and restoration of genotypic diversity.
Within French Polynesia, diversity parameters indicated that Society and Marquesas exhibit the most variability, in agreement with the results obtained using plastid microsatellites . The more limited diversity in Austral may be explained by the small area of the islands, their remoteness, which prevents gene exchange, and the presence of only two genets in Rapa. The maximum diversity was present in Tahiti and Nuku Hiva, the two larger islands of Eastern Polynesia. Nevertheless, no significant correlation was detected with the rarefaction index R, which is not affected by sample size or island area.
Hardy-Weinberg equilibrium
Generally, a localized clonal spread may interfere with sexual reproduction by reducing pollen and mating between genets (Handel, 1985 , in Eckert, 1999 and favour high levels of between-ramet self-pollination (geitonogamy) which may have a major impact on the evolution of the breeding system (Harder and Barrett, 1996, in Eckert, 1999) . Consequently, significant heterozygote deficits, symbolized by positive F IS , were expected in populations of Santalum insulare, particularly in those severely affected by clonality. The lack of observed homozygote excess in most of the populations could be due to the absence of regeneration by sexual reproduction since the introduction 200 years ago of the ship rat, which eats such a high proportion of fruits that no seedlings are seen in the sandalwood stands (Butaud and Tetuanui, 2005) .
Only two significant F IS values were found in the case of Tahiti island and its highland population. For the whole island, one explanation for the departure from HardyWeinberg proportions may be the Wahlund effect, which occurs when a population is divided into several subpopulations with different allelic frequencies. However, when F IS is due to the Wahlund effect only, it is expected to be more or less equivalent to the F ST among pooled subpopulations, depending on the variance due to estimates. Since the F ST observed in Tahiti is 0Á02 (Table 5) , and F IS is 0Á12 (Table 4) , it does not support this single hypothesis and involves others, such as inbreeding, assortative mating and/or selection (Nei, 1987) .
For the highland population, the significant F IS value can be explained by the remoteness of the stand on the tops of high mountains of Tahiti and its very small number of individuals which favours inbreeding (Frankham et al., 2002) . Because overexploitation by Europeans was undoubtedly absent in these remote populations, the past inbreeding, which occurred before the introduction of the ship rat, can now be observed via the present analyses.
Strong genetic structure
Within the entire distribution area, the F ST value between islands (0Á50) appears to be particularly high compared with values of other tropical tree species distributed in mainlands: 0Á047 in Vitellaria paradoxa (Sanou et al., 2005) , 0Á08 in Vouacapoua americana (Dutech et al., 2004) , 0Á22 in Grevillea macleayana (England et al., 2002) , but closer to species present on islands, such as Santalum austrocaledonicum (F ST = 0Á35) (Bottin et al., 2005) .
These results were expected in an island system, where oceanic barriers limit gene flow between islands (and thus archipelagos) (MacArthur and Wilson, 1967) , and confirm the results obtained in Santalum insulare using plastid microsatellites and in other species like Santalum austrocaledonicum (Bottin et al., 2005) . The large distances between archipelagos do not allow gene flow through pollen which was expected to be limited even within islands, as S. insulare is insect-pollinated. Seed dispersal through bird ingestion can occur over longer distances and may theoretically allow gene flow between islands. However, some Columbidae species that were able to eat and disperse fruits of Santalum insulare in Eastern Polynesia (Ptilinopus and Ducula genera) are now extinct (Steadman, 1997; McConkey and Drake, 2002) and the remnant species are critically endangered (IUCN, 2004) . Moreover, given that these species are not migratory birds and that migratory birds themselves can exceptionally disperse seeds (Carlquist, 1980) , the probability of seed dispersal between remote islands should be very low.
The extent of differentiation between islands varies according to the archipelago. Although the F ST should be considered with caution, as the low population size may have biased the estimations of allelic frequencies (especially for Rapa, Raiatea and Fatu Hiva), it is particularly high between the distant islands of Raivavae and Rapa in Austral (F ST = 0Á66), whereas it was lower between the closer islands of Marquesas (F ST = 0Á23) and Society (F ST = 0Á34). The differentiation between two distant islands, such as Rapa and Raivavae, can be explained by a geological phenomenon characterized by the disappearance of intermediate islands, while they evolve from high volcanic island to coral atoll before being recovered by the ocean. The emergence of this oceanic barrier in the middle of an archipelago results in fragmentation of this area which can be associated with a mechanism of pseudovicariance present in some parts of the Pacific (van Welzen et al., 2003) . Indeed, the initial area was not continuous but the islands were closer and were sequentially colonized by sandalwood, necessarily implicating a mechanism of dispersion.
For the larger islands (Table 3) , a Bayesian approach was used to define populations. Two separate populations were detected in Nuku Hiva and Tahiti. For the former they correspond to an a priori separation based on a geographical location. For the latter the Bayesian distinction of populations was different from the present a priori separation based on the altitude. Both larger islands, Tahiti and Nuku Hiva, displayed a significant differentiation between lowland and highland populations, which was lower in Tahiti (F ST = 0Á02) than in Nuku Hiva (F ST = 0Á22). Despite the relatively small area of these islands, the differentiation stresses the limited gene flow in this species due to topographic barriers which may be accentuated by the progressive extinction of frugivorous birds, limited pollen dispersion by insects, and loss of forest areas due to fire and overgrazing.
The Mantel test showed an isolation-by-distance pattern at the global population level. This phenomenon was also observed within the Marquesas archipelago but not within the Society islands. For the latter a more complex pattern prevails due to the genetic proximity of Raiatea and Moorea, but further research is needed to explain this mechanism.
The neighbour-joining tree summarizes this differentiation pattern (Fig. 2) . The low bootstrap values do not clearly confirm the intermediate genetic position of the Austral archipelago between the two others, which was suggested by . These authors, using plastid microsatellites and the ages of these archipelagos ( Table 1 ), proposed that the most likely hypothesis is that the Austral islands were first colonized by sandalwood and the source population of the founders that independently colonized the Marquesas and Society archipelagos. This assumption, based on the fact that dispersal is the preponderant mechanism of species distribution in Pacific islands (Cowie and Holland, 2006) , remains to be confirmed by further phylogenetic studies with more suitable markers and a wider sampling.
Implications for conservation and management
As indicated in the Introduction, Santalum insulare is endangered throughout its natural range as a result of various human activities: overexploitation, fire and introduction of alien species (Butaud and Tetuanui, 2005) . In this study, the aim was to provide broad guidelines for suitable and efficient conservation strategies using the genetic information obtained by microsatellite markers. For this species, the present approach to conservation is based on the definition of management units (MUs) using nuclear microsatellites as suggested by Moritz (1994) . The best strategy is likely to lie in the combination of neutral and adaptive information (Moritz, 2002) , but identification of molecular MUs seems to provide a first valuable framework (Cavers et al., 2003) .
Four MUs were defined in a first study on Santalum insulare using plastid microsatellites : two corresponding to the Marquesas archipelago and Society archipelago, and two corresponding to each of the Austral islands (Rapa and Raivavae). The present study tends to delineate more precisely the previously defined MUs. The high differentiation parameters obtained (0Á19 < F ST < 0Á66), even though some of them should be considered with caution, encourage the association of an MU with each elementary population. However, a single MU for each pair Moorea/Raiatea and Hiva Oa/Tahuata can be considered.
In addition, the present analysis suggests some recommendations related to genetic diversity and gene flow within MUs. The small populations affected by clonality should be conserved in seed orchards. Their diversity should be restored by the reintroduction of protected seedlings (Moritz, 1999) and by using the most appropriate provenances, i.e. those that belong to the same MU in order to maintain good fitness (Wilkinson, 2001) .
Other measures should accompany these first conservation activities. The eradication of rats should be a priority to improve the production of fruits and to restore regeneration by sexual reproduction. In addition, the reintroduction and protection of Columbidae should be implemented to increase gene flow and seed germination which could be facilitated by ingestion by birds.
CONCLUSIONS
The present results with Santalum insulare confirm some of the general characteristics related to the pattern of diversity in insular systems. For example, a strong differentiation, higher than for mainland tree species, was found originating from oceanic barriers. Also a low genetic diversity was found but its origin is difficult to explain because of the confounded effects of insularity and past overexploitation. However, recent bottlenecks were not detected by the statistical approach used and inbreeding was not highlighted in the populations, as was to be expected in small islands (Frankham, 1998) , especially with overexploitation which accentuated the decrease in population size. This suggests that sandalwood in Eastern Polynesia in the past formed abundant populations characterized by random mating. The present study has also revealed a strong clonality in this species. Although other studies do not demonstrate that clonality is an adaptation to insularity, it seems that this characteristic allows S. insulare to survive in such an environment. Finally this study, emphasizing the lack of population regeneration due to ship rats, stresses the negative impact of invasive species in insular systems.
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